Abstract Bio-syncretic robots, consisting of living biological materials and traditional electromechanical systems, have attracted lots of attention due to the potentialities of self-sensing, self-actuation and self-repairing with intrinsic safety and high energy conversion efficiency. However, most of current researches focus on the movement of the devices, and have is as important as motors for traditional electromechanical robots. In this work, the effects of cell culturing time, seeding concentration and functional drugs (cytochalasin and adrenalin) on contractile frequency and force strength of cardiomyocytes have been studied using scanning ion conductance microscope (SICM) and arrays of micro-pillars made of PDMS. This work will lay the foundation for the further study of quantitatively control of bio-syncretic robots actuated by cardiomyocytes and is also meaningful for the development of cytology, medicine, and clinical science.
such superiorities to the conventional robots, bio-syncretic robots have been of great interest to researchers and several types of biological machines or biological robots have been developed.
Currently, insect dorsal vessel (DV) tissue excised from insects, mammalian heart muscle cells (cardiomyocytes) and skeletal muscle cells (usually using the C2C12 cell line) have been dominantly used for bio-syncretic robot actuation. The DV tissues have been studied and used to power miniature structures made of soft materials as integrated actuators in millimeter scale with the advantages of their ability of spontaneously beating without external stimulation, environmental robustness and low maintenance. Yoshitake Akiyama et al. fabricated an independently moving multiple foot micro-robot by assembling a whole DV tissue (6.3mm length) of an inchworm onto a construction with two-row inverted micro-pillar array. The micro-robot could work in under the actuation of a whole DV tissue with a contractility of [6, 7] . Lately, Kaoru Uesugi et al. have studied the contractile performance and controllability DV tissues from final stage moth larva for the actuation of soft robotics, with different stimulation strategies, such as tensile, thermal, electrical and chemical stimulations, and found that all of these physical chemical factors could tune the contractile force and contractile frequency of the DV tissues [8] .
The skeletal muscle cells can provide contractile force for the actuation of micro robots after the differentiation from myoblasts to myotubes under the electric stimulation [9] and optogenetic control with the expression of the light-sensitive channel Channelrhodopsin-2 (ChR2) [10, 11] . Piyush Bajaj et al. have studied the effect of different geometrical constraints on the process of myogenic differentiation for muscle cell bio-actuators, and found that the mature myotubes on hybrid 30 o patterns showed the better contractility than others in response to the electrical stimulation (20 V, 50 ms pulse, 1Hz) [12] . Hideaki Fujita et al. demonstrated a micro electro mechanical systems (MEMS) composed of a Si-MEMS with springs and ratchets, UV-crosslinked collagen film for cell attachment, and actuated by C2C12 muscle cells. Under the stimulation of electric pulses, the edge of the Si-MEMS device the beating myotubes [13] . After that, Mahmut Selman Sakar actuated by 3D skeletal muscle microtissues genetically encoded to express a light-activated carion channel, ChR2, which allows for spatiotemporal coordination of a multitude of skeletal myotubes that contract in response to pulsed blue light. Under the light stimulation, the soft device could be bent [14] . Then, Caroline [18] . Vincent -cardiomyocytes onto a hydrogel structure using a 3D printer. The cardiomyocytes actuated bio-bot can jump forward at the approximately 1.5 Hz [19] . Brian J. Williams et al. have reported a microscale, biohybrid swimmer that consists of a PDMS micro structure with a short, rigid head and a long, slender tail on which cardiomyocytes are selectively cultured using extracellular matrix. The swimmer can swim in low Reynolds number environment at the velocity of 5 propelled by the filament deformed by the contractile force of cardiomyocytes [20] . Lately, Sung Jin Park et al. created a tissue-engineered soft-robotic ray that can swim at a maximum average speed of 3.2 mm/s, powered by ChR2 expressed cardiomyocytes patternedly seeded on the elastomeric body enclosing a microfabricated gold skeleton. The artificial swimmer can swim under the spontaneous beating of the cardiomyocytes, also, the locomotion velocity and direction of the swimmer can be controlled by electric field and optical stimulation [21] .
Although several amazing achievements about bio-syncretic robot have been presented recently, majority of them only focus on the locomotion in macro-scale, neglect the detail study on the property of the living biological materials that are the elementary unit of bio-syncretic robots. Living biological actuators in bio-syncretic robot are equal to motors in the traditional electromechanical robots, for example, in the produce process of traditional electromechanical robots, the analysis on the mechanical power unit is the primary work that will decide the overall performance of the robots [22] same to bio-syncretic robots, the living biological actuators are the basic power unit of the whole bio-syncretic robots, therefore, the researches on the living biological actuators is important for the performance of the whole bio-syncretic robots.
For the purpose of controlling the performance of bio-syncretic robots actuated by regulating the contractility (contractile force and frequency) of beating cardiomyocytes, in this paper, the relationship between the contraction properties of the cardiomyocytes and several necessary factors, such as, cellular seeding concentration, culturing time and relevant drugs (cytochalasin and adrenalin), has been studied quantitatively and qualitatively. This work will be of great significance for the development of bio-syncretic robots, and is relevant to the research in the fields of cytology, medicine, and clinical science.
II. MATERIAL AND METHOD

A. Preparation of Cells
Living cardiomyocytes were obtained from 1-to 3-day-old Sprague Dawley rats [19] , which were purchased from Liaoning Changsheng Biology Co., Ltd. The method of extraction primary cardiomyocytes has been described in previous report [23] . Briefly, the hearts of rats were dissected into 1 mm 3 cubes before transferred to icebalanced salt solution. Then, these cubes were digested with mixed liquor of 2.0 g/L collagenase II and equivoluminal 2.5 g/L trypsin for and seven digestion cycle (each time for 10 min). The digested solution was changed by the fresh culture media (high-glucose DMEM, 10% fetal bovine serum and 1% penicillin-streptomycin). To purify the contractile cardiomyocytes from the fresh cell suspension, which includes cardiac fibroblasts and cardiomyocytes, based on differential adhesion, the fresh cell suspension was transferred into a new culture dish after filtered with a germfree sieve. After 1.5 hours, the cell suspension, most of which were cardiomyocytes, was taken out and seeded in target petri dishes for experiment. The culture medium maintaining the cardiomyocytes was changed after 1.5 days and then after every 1 day thereafter. After culture 3 days, different group for experiment.
B. Measurement of Cells Contraction by SICM
To measure the spontaneous beating frequency of living cardiomyocytes, a scanning ion conductance microscopy (SICM) system built by our lab was used [24] , in consideration of the non-contact scanning mode of this system would do little influences on the beating properties (beating frequency and amplitude) of the sample cells. As described in pervious report [25] , in the process of measurement, the glass electrode was hold on the central region of the sample cells with a distance c (Fig. 1A) . The controller of the SICM system would adjust the height of glass electrode with the beating up and down of the living cardiomyocytes for maintaining the distance c by detecting the changing of the current between the glass electrode and the sample cells within 2% error. Therefore, the changing height of the glass electrode could describe the beating of the living beating cardiomyocytes (Fig.  1B) . 
C. Measurement of Cellular Contractile Force by MicroPillars
In this work, the spontaneous contractile force of the sample cardiomyocytes were measured by the arrays of micro-pillars made of polydimethylsiloxane (PDMS) as the previous report [23] (Fig. 2A) . The PDMS micro-pillars were obtained by the traditional casting method using a silicone mold, which was fabricated using silicon wafers with patterned SU-8 micro structures by conventional lithography. The micro pillars could be pulled by the spontaneous contractile force of the sample living cardiomyocytes (Fig.  2B ). As shown in Fig. 2C , according to material mechanics, the contractile force could be calculated by measuring the deflection of the micro pillars using an electric inverted fluorescence microscope (Ti-E, Nikon, Tokyo, Japan) with a high-speed CCD.
The micro-pillar chips were sterilized with 75% alcohol three times before washed in phosphate buffered saline (PBS, HyClone) twice, each time for 5 min; after that, the chips were transferred into 35-solution for the surface treatment of biological compatibility for 4 hours, then, they were air dried in a sterile environment overnight. To measure the contractile force of the sample cells, the cardiomyocytes in different assigned concentrations were seeded onto the arrays of micro-pillar chips. On account of that the living cells grew and fused with each other around the micro-pillars ( Fig. 2A) , the contractile force should be defined as a uniformly distributed load on a micro-pillar (Fig. 2C) . According to material mechanics, the contractile force of unit length on a micro-pillar could be described as: (1) where y is the displacement of the micro-pillar top; h is the height of the micro-E is the -modulus of the PDMS micro-pillars used in this experiment was defined as 750 kPa, and the Poisson's ratio was 0.49 [26] [27] [28] [29] ; and I is the inertia moment of the cylinder and can be defined as: (2) where d is the micro-pillar on the chips.
According to (1) and (2), the whole contractile force on a micro-pillar of the living cells around the micro-pillar can be calculated as: 
D. Immunofluorescence and Measurement of Cellular Structure
To mark the different growth formation of the cells in different concentration, the Calcein-AM (Sigma Aldrich, St. Louis, MO, USA) was used. The process of staining the living cells was following: firstly, the culture medium in dish was removed before the cells were washed using phosphate buffered saline (PBS, Hyclone) for three times (each for 5 min); then, the cells were covered with 50 -AM in PBS and incubated in normal incubator; 30 min later, the cells were washed three times with PBS. Finally, the sample cells were imaged with a fluorescence microscope.
To study the effect of cytochalasin on the cytoskeleton of cardiomyocytes, the Actin-Trakcer Green (Beyotime, C1033) was used for the staining fluorescent. In the process of staining: firstly, the culture medium in dish was removed, followed by that the cells were washed three times with PBS, each time for 5 min; then, the cells were fixed with fixative (Beyotime, P0098) for 10 min, before the cells were washed three times with cell scrubbing solution (Beyotime, P0106), each time for 5 min; after that, the cells were covered with Actin-Trakcer Green solution 1/50 attenuated with secondary antibody dilution buffer (Beyotime, P0108), the volume of the solution was 1/5 of primary complete growth medium; then, the cells To compare the quantities of cells in each groups, the cellular nucleuses of cardiomyocytes was stained with 4',6-diamidino-2-phenylindole (DAPI; Sigma Aldrich, St. Louis, MO, USA). The process of staining the cellular nucleuses was implemented after the process of the staining for cytoskeleton, by covering the cells using DAPI staining solution without light. After 10 min, the cells were washed three times with cell scrubbing solution, each time for 5 min; at last, the sample cells were covered with PBS and imaged using a commercial fluorescence microscope.
To analysis the effect of the function drug, the fluorescence intensity of action and cellular nucleus of the cells in each groups were measured using commercial software ImageJ, based on the fluorescence images obtained with the above steps.
E. Data Procession
The data obtained in the measurement experiment of beating cardiomyocytes using SICM system was processed and median filtered by the MATLAB procedure with the modulus 100. In this work, the statistical significance was assessed at p < 0.05.
III. RESULT AND DISCUSSION
A. Effects of Seeding Concentration on Growth Formation of Cardiomyocytes
As shown in Fig. 3 , three different growth formations of cardiomyocytes cultured in normal medium were observed, depending on various seeding concentration. At the relative low seeding concentration (1×10 4 cells/cm 2 ), the single cell was common in the petri dishes ( Fig. 3A and 3B ), As shown in Fig. 3C and 3D, the cells cluster at higher seeding concentration (5×10 4 cells/cm 2 ) was much easier to be formed than the cells at lower seeding concentration. When the cells were seeded at highest concentration (1×10 5 cells/cm 2 ), the confluent cell layer was usual in the petri dishes ( Fig. 3E and  3F ). After that, the beating frequency of the cells at different seeding concentration in normal culture medium were measured every other 12 hours until to culturing 468 hours (Fig. 4) . The result showed that: 1) the cells in higher seeding concentration shown higher mean contraction frequency. 
C. Effects of Functional Drugs on Contractile Properties of Cardiomyocytes
To study the effect of different functional drugs on the cellular contractile frequency and force, which would in turn affect the actuation frequency and the movement velocity of bio-syncretic robots, the cells were cultured in three groups with normal culture medium at the concentration of 1×10 (experimental group 1), the second group of cells were (experimental group 2), and the third group of cells were still cultured in normal medium (control group). The contractile frequency and force of the cells in each group were measured with SICM ( Fig. 1) and the arrays of micro-pillars ( Fig. 2 and Fig. 5 ) according to the approaches described in Section II. The result shown that the mean beating frequencies of the cells in the three groups were almost the same (~ 0.7 Hz) when they were cultured in normal medium. After 96 hours, the cells in the control group performed the similar beating frequency to their contraction before 96 hours. While, the beating frequency of the cells in the experimental group 1 (~0.5 Hz) were lower than that of the cells in control group, and had a significant decrease than the same cells before cultured in functional medium; conversely, the beating frequency of the cells in experimental group 2 (~0.9 Hz) were higher than that of the cells in control group, and increased significantly comparing with that of the same cells before cultured in functional medium (Fig. 6A) . The results indicate that the cytochalasin has the function of reducing the spontaneous beating frequency of cardiomyocytes; conversely, the drug adrenalin has the function of enhancing the spontaneous beating frequency of cardiomyocytes. The contractile force of the cardiomyocytes in the three groups were calculated by measuring the deflection of the micro-pillars according to material mechanics (Fig. 5) . As shown in Fig. 6B , the results showed that when the cells were cultured in normal medium before 96 hours, the cells in three groups had almost the same contractile force at the same culturing time, and the contractile force of these cells increased with the culturing time . After 96 hours, the cells in control group performed the cells in experimental group 1 showed weaker contractile force than the cells in control group after cultured in functional medium for 24 hours. On the contrary, the cardiomyocytes in experimental group 2 shown stronger contractile force than the cells in control group (Fig. 6B) . The phenomenon means that the drug cytochalasin has the function of weakening the contractile force of cardiomyocytes; conversely, the drug adrenalin has the function of improving the contractile force of cardiomyocytes.
contractile force of cellular sarcomeres, which are composed of stable actin struction in myofibril [30, 31] . To study the mechanism that the output contractile force of the cardiomyocytes cultured in the medium with cytochalasin was reduced by the functional medium, the cytoskeleton and nucleuses of the living cardiomyocytes in the control group and experimental group 1 have been stained with Actin-Trakcer Green and DAPI respectively ( Fig. 7A and 7B) . The fluorescence intensity (FI) of the actin and nucleuses of the cardiomyocytes in control group and experimental group were measured using the software Image J based on the fluorescence images obtained by the fluorescence microscope. The results showed that the FI of the nucleuses of the cells at the same seeding concentration in two groups had no significant difference (FI=20.0 for control group and FI=23.5 for experimental group 1) (Fig. 7C) . While, the FI of the actin of the cells in control group (FI=29.7) was higher than that of the cells in experimental group 1 (FI=20.9) (Fig. 7D) . The result means that the drug cytochalasin can attenuate the cytoskeleton of cells, and the weakened cellular cytoskeleton may reduce the adhesive force of the cardiomyocytes on the micro-pillars, therefore, the cells in the experimental group 1 showed weaker contractile force than that of the cells in control group (Fig. 6B ). IV. CONCLUSION Bio-syncretic robots have attracted lots of attention, due to the potentiality of self-sensing, self-actuation and self-repairing with intrinsic safety and high energy conversion efficiency. The cells as the actuation unit of bio-syncretic robots are as important as the motor of the traditional robots based on electromechanical system. Therefore, the control methods of living beating cardiomyocytes is necessary for the research on the bio-syncretic robotics. In this work, the contractile frequency and contractile force of the cardiomyocytes, which would be used for the actuation of bio-syncretic robot in further work, have been studied by SICM and the chips of micro-pillars, with the influence of culture time, seeding concentration and function drugs including cytochalasin and adrenalin. The results show that the mean beating frequency of the living cardiomyocytes is relative with the culture time, and increases with the increasing seeding concentration; the drug cytochalasin has the function of reducing the contractile frequency and force of the living cardiomyocytes; and the drug adrenalin has the function of improving the contractile frequency and contractile force of the living cardiomyocytes. Additionally, the mechanism that the output contractile force of the cardiomyocytes is reduced by cytochalasin has been analyzed by immunofluorescence. The main goal of this work is to realize preliminarily control of the contractile properties of cardiomyocytes, and establish the foundation for the further study on bio-syncretic robots actuated by cardiomyocytes and the quantificational motion control of the bio-syncretic robots combining with other control approaches, such as electro pulse stimulation and light induction by optogenetics.
